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Averaged oceanographic station data are used to describe the 
seasonal variation of salinit y and temperature in the Strait of Gibraltar 
area. Seasonal sections of salinity suggest that winter is the season 
of maximum outflow of the Mediterranean w ·ater, and that summer is 
the season of maximum inflow of the Atlantic Water. The seasonal 
sections show how the high salinity water is deflected to the north 
along the Iberian Peninsula, and show that the salinity maximum near 
l 000 meters, west of Portugal, is maintained through all seasons. 
The seasonal currents of the bottom layer west of the sill are 
computed. These are used with the cross-sectional area across the 
Strait to compute the seasonal mass transport of the outflowing layer. 








NAVAL POSTGRADUATE SCHOOL 
MONTEREY, CALIF . 93940 
TABLE OF CON TENTS 
Section 
I. INTRODUCTION 
II. THE BATHMETRY OF THE STRAIT OF Gl6RALTAR: 
THE CHARACTERISTICS OF WATER MASSES 
FLOWING THROUGH THE STRAIT 
III. SEASONAL HYDROGRAPHIC SECTIONS 
IV. COMPUTED CURRENTS 
v. EVALUATION 
VI. CONCLUSIONS 












LIST OF ILLUSTRAITONS 
2. S-alinity sectfi.'CDn 'We-st <Df :S,tz;:ait rcif Gillima1Ltarr ~:a·fte:r 
N.ie 1 Sen 1 r~n:z,) 
3a. -End- of-winter s.a1•inity (:a£ter:S.cm,;01tlt'* ll.CSJ2Bl) 
'3b. End-of-winter 1rempe.ra:ture·s ·(allt.:e:r Soh:G.'tttr, 11'9!~ 
4b. Early .summer tem,perature (after :Schott"' !~:2 8) 
Sa. End--of-summer ·salfnity !(after .SchQtt,« }1~2:8,) 








7. N'orth-south salinity (after Boy(l!lm .. , l9·b5\) 25 
8. .Relief model of the Strait of ·Glbraqt:a~ 2 7 
9. Vertical section across Str:aril:t: <GI Gibr.al1r't:ar ~rmn 
Pt. Al-Boa ss-a (M oroccd) t ,o :Pt. Ral:om:a(Sipoir\) .2'8 
10. Vertical s·alinity ,(east-we~:f) 
a. Winter 34 
b. Spring '35 
c. Summer 36 
d. Fall 37 
11. Maintenance of salinity "wall" im Stlra1t oiGibral'tatr 39 
5 
Figure Page 
12. Vertical temperature (east-west) 
a. Winter 41 
b . Spring 42 
c. Summer 43 
d. Fall 44 
13. Vert~cal sigma -t (east-west) 
a. Winter 45 
b. Spring 46 
c. Summer 47 
d . Fall 48 
14 . Vertical salinity (north-south) 
a. Winter 50 
b. Spring 51 
c . Summer 52 
d. Fall - 53 
15. Sea level pressure and surface winds 
a. Winter 55 
b. Spring 56 
c. Summer 57 
d. Fall 58 
16. Surface salinity 
a. Winter 60 
b. Spring 61 
6 
Figure Page 
c. Summer 62 
d. Fall 63 
17. Salinity at 500 meters 
a. Winter 65 
b. Spring 66 
c. Summer 67 
d. Fall 68 
18. Salinity at 1000 meters 
a. Winter 69 
b. Spring 70 
c. Summer 71 
d. Fall 72 
19. Salinity at 1000 rneters for summer~ of 1957 and 1958 
(after Lacombe and Tchemia, 1960) 74 
20. Layer of maximum salinity 
a. Winter 75 
b. Spring 76 
c. Summer 77 
d . Fall 78 
7 
ACKNOWLEDGEMENTS 
The author wishes to express his appreciation to Professor 
Glenn H. Jung of the Naval Postgraduate School and Dr. Taivo Laevastu 
of the Navy Fleet Numerical Weather Facility for their guidance and 
assistance in this study. Appreciation is also expressed to the personnel 
of the Navy Fleet Numerical Weather Facility for their cooperation during 




A.. Statement of the problem. 
It is well established (Sverdrup, 1 ~4Z) that high salinity 
Mediterranean water flows outward throu.qh the Strait of Gibraltar 
beneath the less saline Atlantic water and spreads as an intermediate 
layer over large areas of the North AtlantiG 09e~n. 'rh~ primary purpose 
of this study is to determine the cycle ())f the fiow thr<i>1.;1C;Jh tne Strait, 
and to investigate the seasonal chang.es iin hi''1h SqiJ.inity Mediterranean 
Water spreading into the eastern North Atlantic Ocean; relationships 
between these flows and atmospheric parameters pre SO\.l.qht . Addibonal 
objectives of this study are to determine the sea·sonal hydr99raphic 
structure of the Strait, the mechanism of th~ water ex~l)a.pge between 
the Mediterranean and the Atlantic, and the {ac~o.rs affecting th~s 
mechanism. 
Averaged sections of temperature and salinity have ~en constructed 
which show the seasonal variation of these parameters in the horizontal 
and vertical directions. In addition, seasonal sections of si;gma -t (C1t) 
surfacesare used to calculate the current alop:g the dowmyard sloping 
bottom extending west of the sill, using a teqhniqu~ propqsed by 
Dietrich (195 6). Seasonal sections of atmospheric P?trameters ., sea 
level pressure and surface winds, are us·ed to show atmospheric effects 
on the currents through the Strait. Seasonal horizontal charts of salinity, 
for various depths, are used to demonstrate the spreading of the 
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Mediterranean water into the eastern Atlantic Ocean I and to trace thE? 
effects of "upwelling" along the adjacent coasts of Portugal and Morocco. 
The data were obtained from the National Oceanographic Data Center 
{NODC) 1 via Fleet Numerical Weather Facility (FNWF) Monterey 1 and 
contained all available oceanographic station data for the past 60 years. 
It is understood that data collected by France and Spain are not included. 
Averaged values of temperature and salinity were obtained by averaging 
all available observations over one degree Marsden squares for each 
season of the year. Seasons are identified as follows: 
Winter January - March 
Spring April - June 
Summer July - September 
Fall October - December~ 
The area selected for study extends between 32 - 40 degrees North 
Latitude I and 0 - 15 degrees West Longitude. The seasonal averages 
of salinity and temperature were computed using FNWF' s Control Data 
Corporation 6500 digital computer I utilizing an averaging program 
prepared by the Mellonics System Development Division I Litton Systems I 
Inc. I (Griswold et al. I 1968). 
There were definite limitations in using averaged data to describe 
the variations in temperature and salinity. These limitations involve 
considerations of data density {1) in space and {2) in time. 
(1) If a space average is to be meaningful it must be composed 
of a reasonable number of observations well distributed over the area. 
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In the construction of sections this criterion was not always satisfied; 
in fact, some data points are composed of f:l single sounding. 
(2) It has been assumed that soundin<;Jp are evenly spaced in time 
throughout the season. In general, this is not the sourc~ of a large 
error, except when the averaged quantity is obtained using a few sound-
ings closely spaced in time when signifiqan~ time variability is present. 
In addition, if the averaged quantity is determined by using only data 
obtained far from the midpoint during a r r-e atmospheric condition, it 
would not, probably, be representat~ve of average condiHons for that 
season. 
B. Summary of previous work. 
ThEil de scription and ex planation of the Gomplex current and 
water exchange system through the Strait of Qibraltar hE!.£ been th'e 
subject of several oceanographic stt)di,€!s , The Hrf'lt s~ggestion that an 
undercurrent flGwed throu9h the Strait 9! Cl;lbraltar into th~ Atlantic 
Ocean was made by Dr. Th . Smith in 1694. Th~ question whether there 
is an undercurrent or not, was not resolvE;!a \mbl D'Urville made 
temperature observations in the western 1'-JJetUterranea.n Basin ~nd found 
that the tl'iil mperature of the Medi.h~ ftam~an BGJHmn W<:1ter was near that 
of the surface water in the north poft iGn gf the western Mediterranean 
Sea at the coldest time of the year . He IS Onoluded that the bottom water 
mlist be formed by GOnvection currents in the i\Oftherrt ,pbrti.on Gf the 
we.stern Meditet ranea n Sea during t:he wintflr s e ason . Niels en {1912) 
us'ed obs·e rvat i ons taken in the northwestern Med iterrafll;:;'an Sea near 
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the French Riviera to show that convection currents reached the bottom 
during the winter of 1909. He determined, from potential temperature 
considerations, that the depth of convective mixing varied with the 
cooling at the surface. Nielsen concluded that the formation of the 
bottom water is intermitte nt and mixes completely to the bottom only 
under extreme surface cooling in the winter season. 
According to Nielsen (1912), the fact that Mediterranean water is 
of greater salinity than the Atlantic water is sufficient to show that 
evaporation is greater than precipitation and runoff. If a constant water 
level is assumed for the Mediterranean Sea, a net inflow must occur to 
re place the water lost to excess evaporation. A net inflow of water 
does occur from the Black Sea, but it is much too small in volume to 
account for that lost due t o excess evaporation (Sverdrup, 1942). 
R. de Buen (1926) attempted to show that the submarine ridge across 
the Strait of Gibraltar effectively restricts the westward flow of the 
Mediterranean Water. He presented a model of the currents and salinity 
distribution across the sill area, shown in Figure l. A thorough investi-
gation of observations taken west of the sill area proved de Buen' s 
hypothesis was incorrect in some parts, as shown by Schott (1928). 
Nielsen (1912) presented salinity sections for February and June, shown 
in Figure 2 . These sections, west of the sill, were constructed from 
data taken by the "Thor" Expedition (1908 - 1910) and show the sloping 
interface between the Atlantic and Mediterranean water masses, as 
well as the spreading of the high salinity Mediterranean Water along 
12 
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the bottom. Niel~en noted that the voll..Jme occupied by the (outHowing) 
Mediterranean Water was much greater tn June than in February; 
therefore I he concluded that the outflow is c;,rreatest in the summer 
season. 
Schott (1928) used data collected by several expeditions in different 
years to construct sections of salinity and temperature for the Gibraltar 
Strait area. This classical oceano9raphic work clearly indic:r:ates the 
water exchange system between the Atlantic Ocean c;ind Mediterranean 
Sea. These data represent a large percent of those data available at 
the present time for this area. 
Figure 3 shows the typical end-of-winter <;iistribution of salinity 
and temperature through the Strait I as presented by Schott (1928). Tl)e 
sloping interface between inflowing and out{lowing water is shown with 
an indicated depth near 125 meters over the sil~ area. In the upper 
io.,, 
layer 1 Atlantic water (with a salinity slic;,rhtly above 36. 25 o/oo and a 
temperature greater than 14. 5 C) flows eastward int<;:> the Mediterranean 
Sea. In the subsurface layer 1 Mediterranean Water (with a salinity 
near 37.75 o/oo and temperature near q.s C) flows westward across 
the sill and follows the bott om sloping downward toward the Atlantic 
Ocean. 
The early summer sections of salinity and temperature 1 shown in 
Figure 4 I indicate inflowing Atlantic Water with a salinity slightly less 
than 36.25 o/oo and a temperature range f:rom 14.5 to 17.5 C. The 
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Figure 4b. Early summer temperature section. (°C) (after Schott, 1928) 
of 13. S C, with the interface shown at a depth of approximately 200 
meters over the sill area . 
The late summer sections of salinity and temperature by Schott, 
Figure S, indicate the inflowing water to have a salinity of 36 . 2S o/oo 
near the surface but slightly less than 36.00 o/oo in the lower portion. 
The inflow has a temperature range from 13 . S to near 2 0 C . The out-
flowing layer is shown as a reduced thickness with a salinity near 
3 7. 00 o/oo and a temperature near 13 C. The salinity section, Figure Sa, 
shows a salinity minimum area extending eastward over the sill area. 
Although this feature appears on the winter and early summer salinity 
sections, it is much more pronounced in late summer. 
Lacombe and Tchernia (1960) presented the summer sa lin ity 
distribution through the Strait between 0 and 2S degrees West Longitude, 
shown in Figure 6. This section, prepared from data obtained from 
several oceanographic expeditions during 19SS - 19S8, shows clearly 
that salinities less than 36.00 o/oo do not exist inside the s ill. It is 
of interest that, except for the salinity minimum above the sill, Schott's 
late summer section , Figure Sa, agrees well with that of Lacombe and 
Tchernia, Figure 6. There were no sections available for the spring 
and fall seasons. 
Frassetto (1964) presented an exce llent account of the short-period 
vertical displacements of temperature and salinity in the Strait of 
Gibraltar . Data from several expeditions were used with profiled temper-
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period variation s in temperature and salinity. The i nterface between 
the two water masses i s de scribed as variable in depth and subject to 
seasonal change or change due t o internal waves 1 tides I wind and 
atmospheric pre s sure d ifferential between areas west and east of the 
Gibraltar Strait. Frasset t o believe s that the balance of the water 
economy in t he Mediterranean Se a is the basic factor determining the 
two-way flow through the Stra it . This requires an easterly surface flow 
to replace water loss due t o exc e ssive evaporation and the loss over 
the sill in the w e stward subs urface current. 
Boyum (1965) made an exten sive survey of the area west of the 
Gibraltar Strait in May 1965 . He prepared salinity sections across 
the Strait west of t he s ill area to show how the Mediterranean water 
spreads along the bottom . The salinity section 1 ex tending north-south 
along 06° 14 ' W 1 Figure 7 1 shows the interface sloping upward to the 
north, with high salinity (38 . 0 o/oo) Mediterranean Water along the 
bottom. The sloping int erfa ce c an be attributed to a northward 
deflection of the deep out flowi ng water under the influence of the 
earth 's rotation . Additiona l ob s e rvations were made west of the Strait, 
out to 06° 39' West Longitud e where almost undilute d Mediterranean 
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II. THE BATHMETRY OF THE STRAIT OF GIBRALTAR; THE CHARACTERISTICS 
OF WATE R MASSES F LOWING THROUGH THE STRAIT 
A. Bathmetry , 
The c omplex morphology of the Gibraltar Strait is depicted in 
Figure 8, which is a photograph of a relief model constructed by the 
Institute Ge ografic o Mili.tare of Florence (Fras setto, 19 64) . Within the 
Strait. the coastline and the seabed be come rougher and more irregular 
in the western portion. The ma jor sill extends as an a rc from Point Al-
Boassa (Morocco) to Point Paloma (Spain). A cross-section of this sill, 
along the minimum depth, is shown in Figure 9. The maximum depth 
along this sill area a pproaches 320 meters. A secondary sill, located 
approximately 12 miles further west, extends from Cape Spartel 
(Morocco) to Cape Trafa lgar (Spain) and has sill depths of 275 and 375 
meters which are located , n orth and south, respectively, of a central 
rise which extends within 75 meters of the surface. 
B. Movement of water masses. 
It can be see n that subsurface outflow over the sill will occur 
only when the d e nsities of the two water masses are different. When 
water masse s of diffe rent densities exist across an interface at the 
same geometric level, a pressure gradient force is established toward 
the less dense water. For a comparable depth, Mediterranean Water 
is more dense than Atlantic Water; it therefore must flow out over the 
sill and follow a long the bottom slope. 
The pattern of water mass exchange between the Mediterranean 
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Relief model of the Strait of Gibraltar. The contours are 
at intervals of 20 fathoms, with a vertical exaggeration 
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average salinit y conditions for t h e summer season. U s ing the "core" 
method of a na ly sis, as de veloped by Wu s t (1935 ) , on e c a n follow the 
Medit e rranean De e p Water as it s pi lls over the sill and spreads into 
the Atlantic Ocean . Simila r ly , one c a n follow the c ore of the Atlantic 
Water as it ent ers through the Stra it of Gi braltar to maintain the water 
balance of the Mediterranea n Ba sin . 
Since Nielsen (1912) and Schott (191 5) estimated the mass transport 
through t he StraiL there have bee n numerou s other investigations with 
a resulting wide variation in the estima e s . Table 1 shows the results 
of a number of these calcula tion s ba s ed on different set s of data; when 
known, the season is indi c ated during which the data. we re collected. 
Table 1 Wate r ba la nc"' estima tes {l0 6 m3/ s e c) ~
Reference Inflow Outflow Season 
Nielsen (1912) 1.884 1.. 791 averaged 
Schott (1915) 1.760 l. 65 2 II 
Sverdrup et al. (194 2) 1.758 l. 688 II 
Carter (1956) 0.961 0.924 " 
Lacombe (1961) measured l. 06 (west of G.) 0.5 3 summer 
Lacombe (1961) II l. 77 (<~a st of G . ) 0. 75 s ummer 
Lacombe (1961) adopt ed 1.. 00 0.96 
Boyum (1963) w e s t of G. 0 . 96 spring 
Boyum (19 6 5) w e s tofG . l. 50 I spring I 
-
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Nielsen (191 2) and Schott (1915) used the average speed of the 
upper layer to calculate the t otal mass inflow. The outflow was 
calculated using salt budget considerations as described by Sverdrup 
(1942). Sve rd rup's ca lculations were made using the same data as 
Schott except Sverdrup assumed a smaller value of salinity for the out-
flowing water. 
Lacombe et al. (1964) made extensive current and hydrographic 
measurements in the Strait of Gibraltar. Current meters were placed 
at depths of 10, 50, 100, 200, 300 and 350 meters and continuous 
profile current measurements were recorded for the semidiurnal tidal 
period . The average c urrent t hen was used along with the cross-
sectional area to calculate the mass transport through a north-south 
vertical section across the Strait. The results of numerous calculations 
showed a large variation in both i nflow and outflow . From these 
Lacombe concluded that a good yearly average for inflow was 1. 00 x 
10 6 m3 /sec, but he could not obt ain a corresponding reasonable value 
for the out flow . He reasoned that the difference between inflow and 
outflow was that of excess evaporation over precipitation and runoff. 
Based on a balanced wat er budget and constant water leve l for the 
Mediterranean Sea, the outflow wa s determined to be 0. 96 x 106 
3 
m /sec. 
Boyum (1963) observed a correlation in the Gibraltar Strait between 
salinity and c urrent speed in the water flowing westward over the sill. 
Using this correlati on he was able to convert the observed salinity 
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section across the mouth of t he Strait of Gibraltar into a speed section. 
This section was then integrated t o give a gross outflow of 0. 96 x 10 6 
m3 /sec, which agrees with Lacombe's adopted value. However, Boyum 
(1965) has obtained different results for the outflow as evidenced by 
his reported value of 1.50 x 10 6 m3/sec, based on current measurements 
west of the sill made by the Helland -Hansen Expedition in May 1965. 
Lacombe (1961) used numerous observations of mean sea level and 
atmospheric pressure to establish that the distribution of atmospheric 
pressure over the Mediterranean Sea is the probable cause of both the 
variation in flow through the Strait and the variation of sea level. He 
attempted to show that a n inverse relationship exists between mean 
sea level and atmospheric pressure along the Mediterranean coast of 
France. The correlation between the se two parameters was not well 
established for the Algerian coast, indicating that other factors are 
involved. Lisitz in (1 963) has found that the most important factor 
contributing to the variation of sea level along the coasts is the effect 
of the force of the wind on the sea surface. 
Carter (195 6) ha s made a careful hydrological study of the 
Mediterranean Basin and calcu lated the associated evaporation, precipi-
tation and runoff . He determined the net water deficit in the 
Mediterranean Basin to be 0 . 038 x 106 m 3 /sec. Using this value a nd 
taking Sverdrup ' s salinities for the two layers, he calculated the mass 
transport through the Strait by u se of salt balance considerations for t he 
Mediterranean Be sin. Lacombe {1 961) reported on Carter' s results, 




Table 2. Monthly net mass transport through the Strait 
of Gibra ltar (a fter Lacombe 1 1961) (+net 
inflow 1 - net outflow) 
Net flow Net flow 
(1 06m3/sec) Month (lo6 m3/sec) 
-0.03 0 July +0. 128 
February -0 . 048 August +0.153 
March -0.034 Se ptember +0.121 
April -0.009 October +0.063 
May +0.032 November +0.022 
June +0. 08 1 December - 0 . 017 
These results show the maximum net inflow to occur in August and 
maximum net outflow to occur in February . According to Carte r (195 6) 
the maximum ne t inflow coincides with the season of minimum precipi -
tation and runoff and maximum eva poration I while the maximum net 
outflow occurs during the season of maximum precipitation and runoff 
and minimum evaporation. 
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III. SEASONAL HYDROGRAPHIC SECTIONS 
Seasonal averages of salinity 1 temperature and sigma -t have been 
computed for each one-degree Marsden square. These data have been 
plotted and analyzed as shown in succeeding sections (see Figures 10 1 
12 - 18). The data for each section are plotted to facilitate the 
reader's evaluation of each analysis. The number o~ soundings involved 
in the determination of the plotted data are shown above each data point. 
In certain areas and seasons data were insufficient to establish 
realistic averages; no attempt has been made to assign a weighting 
factor to the individual soundings. 
The sill depth indicated on the east-west sections I 320 meters I 
is the maximum depth across the Al - Boassa Ridge (see Figure 9). The 
dashed line 1 225 meters 1 indicates the minimum depth between sills 
along the Al-Boassa Ridge. 
A. Vertical (east-west) . 
(1) Salinity . 
The seasonal d i stribution of salinity is shown in Figure 10 . 
There are two major features of these sections: (1) spreading of the 
Mediterranean Water in the At lant ic Ocean; (2) strong salinity gradient 
above the sill area . Fuglister (1 960) shows a May 195 9 synoptic 
salinity section a long 36 degrees North Latitude I from North Carolina 
to the Iberian Peninsula I that compares favorably with the average spring 
section shown in Figure 1 Oc. Sections for the other seasons were not 
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West of the Gibraltar Strait there is a reasonably uniform layer of 
high salinity wate r near the 1000-12 00 meter level throughout the year I 
with slightly higher values in winter and spring. The salinity gradient 
is strong over the sill area and shows as a nearly vertical "wall" 
throughout the year. The "wall " is ma intained by movement of the 
Atlantic and Mediterra nean Water masses 1 as shown in Figure 11. The 
system shown on this figure is comparable in many respects to that in 
the Gulf Stream 1 with it s sloping "Gulf Stream Wall" (see Mazeika I 
1968}. There are large volumes of water carried into approaches to 
the Strait area by both Atlantic a nd Medite rranean currents that do not 
flow t hrough the Strait 1 due to the limited dimensions of t he layers 
involved. For a given volume of h igh density Mediterranean Water 
arriving in the Strait area, a portion fl ows over the sill into the 
Atlantic; the remainder I Ls salinity decreased by mixing along the 
interface, subsequently is carried back into the Mediterranean . West 
of the sill, a portion of the available Atlantic Water flows into the 
Mediterranean Sea in t he surface layers I while t he remainder has its 
salinity increased a l ong the interface. The re sultant water has an 
increased salinity (and density); therefore, it sinks and flows back 
into the Atlantic Ocean. On the Mediterranean side there is a net loss 
in salt content through this process while on the At lantic s ide there is 
a net gain in salt. There are indications that horizontal anticyclonic 
motion exists both east a nd we s t of the Strait, as shown in Figure 11, 













Maintenance o£ salinity "wall" in 
Strait o£ Gibraltar. 
39 
Mediterranean Sea. The Spanish Institute of Oceanography (Professor 
M. Menandiz I personal communication) has observed the anticyclonic 
circulation east of the Strait; this is suggested in the description given 
by de Buen (192 6) and Schott (1928). 
The salinity minimum in the vicinity of 500-700 meters is caused 
simply by the influence of the highly saline Mediterranean Water flowing 
beneath the less saline North Atlantic Central Water, which generally 
decreases in salinity with increasing depth. 
(2) Temperature. 
The seasonal temperature distribution in the Strait of Gibraltar 
area is shown in Figure 12. The influence of the Mediterranean Deep 
Water can be seen east of the sill as the westward moving water is 
forced upward and mixes with the Atlantic Water. Comparison of the 
seasonal sections show that temperatures immediately west of the sill 
are higher in the fall and winter than in spring and summer seasons. 
West of the Strait t he influence of the Mediterranean water is evidenced 
by increased temperatures in the high salinity region near 1000-1200 
meters. 
{3} Sigma -t 
The main feature of the seasonal sigma -t distribution I 
Figure 13 1 is the nearly vertical density "wall" that is in evidence 
over the sill area throughout the year; however I it is more pronounced 
and further to the west in the summer season. The rea s on for this 
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be attributed to the averaging procedure. It has been determined from 
the individual summer season soundings that several shallow observ-
ations (less than 300 meters) were taken during a 12-day period in 
which the salinities were abnormally high in the near surface layers. 
When these data were incorporated into an average for the Marsden 
square area I an "unstable" situation was indicated. This was due to 
the influence of the shallow 1 highly saline I observations on the 
computed averages in the near surface layers (above 300 meters). 
According to Sverdrup (1942) the Mediterranea n water spre ads 
into the Atlantic Ocean between sigma-t values of 27.60 to 28.80. The 
averaged sigma -t distribution west of the sill indicates a value of 
2 7. 75 is a good average for this modified water as it spreads into the 
Atlantic Ocean . It is evident that a large volume of wa ter spreads into 
the Atlantic near the 1000-meter level. Mixing along the interface can 
result in formation of water of varying density that would spread at 
various depths into the Atlantic; the variability observed in sigma -t 
distribution lends support to the suggestion that the spreading outflow 
does occur with a range of sigma-t va lue s and depths. 
B. Vertical (north-south) 
(1) Salinity. 
The predominant feature of the salinity distribution along a 
0 
north-south line (9. 5 West Longitude) west of the Iberi a n Peninsula 1 
Figure 14 1 is the persistence of the high salinity pocket near 1000- 1100 
meters during a ll seasons in the vicinity of 3 7 - 38 de grees North 
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Latitude. This salinit y maximum is maintained 1 slightly increased in 
winter and spring I by the outflow of Mediterranean Water along the 
coast of the Iberian Peninsula. 
C. Horizontal 
(1) Sea level pressure and surface winds. 
The seasonal distribution of sea level pressure and surface 
winds are shown in Figure 15 (H. 0. 134 and Climatological and Oceano-
graphic Atlas for Mariners). The frequency of occurrence of wind 
direction is shown for Lisbon I Gibraltar and ocean areas for which data 
were available . 
The pattern of the isobar s I Figure 15 I indicates the predominant 
wind to be from the north quadrant throughout the year. This is supported 
by the wind data 1 except in the Strait area where the topography 
influences both wind speed and direction. The decrea sed pres sure 
gradient during fall and winter is consistent with the diminished 
intensity and southwestward displacement of the Azores high pressure 
cell and with the absence or weakened condition of the thermal low 
pressure system over the Sahara Desert. In the spring and summer the 
pressure gradient is distinctly increased to about twice that of fall and 
winter I and the isobars are orientated more toward the northeast-
southwest direction . 
Conside ring mass transport of water due to wind action, it is clear 
that the basic wind re gime of spring and summer results in westerly 
flow at the surface or at least it acts to decrease the existing easterly 
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(2) Surface salinity. 
The seasonal surface salinity of the Atlantic Water entering 
the Mediterranean Sea through the Gibraltar Strait is near 36. 3 o/oo 
throughout the year I as shown by Figure 16. East of the Strait I surface 
salinity increases with increasing distance from the entrance I due to 
mixing with the Mediterranean Water. Isohalines were not drawn for 
the Strait area and Mediterranean Sea because of ~he high salinity 
gradient and limited number of data points. Along the coast of Morocco 
a salinity minimum is in evidence throughout the year although it is 
much more pronounced in the summer season. West of the sill, near 
10 degrees West Longitude, a salinity maximum appears throughout 
the year 1 with a maximum value of 3 6. 8 o/oo occurr~ng in the summer. 
This maximum appears to be related to the wind regime of this region 
illustrated in Figure 15. The seasonal average sea level pressure and 
surface wind patterns clearly indicate the increased pressure gradient 
and surface winds from the north for the spring and summer seasons. 
The salinity maximum and period of maximum "upwelling" are related, 
since the increased surface winds in spring and summer result in 
excessive evaporation (higher salinities) and at the same time deflect 
the surface water away from the coast with the resultant "upwelling" 
of less saline water. It is concluded that "upwelling" is a maximum 
along the Moroccan Coast in the summer I but it probably occurs 
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Along the western coast of Portugal a salinity minimum exists 
throughout the year but is least pronounced in the summer season. 
Undoubtedly precipita tion and runoff contribute to the salinity minimum 
in fall and winter. The seasonal surface wind distribution, Figure 15, 
suggests "upwelling" in phase with that along the coast of Morocco, 
intermittently with maximum in summer season. Gougenheim and 
Romanovsky (undated) have demonstrated the occurrence of upwelling 
along the northwest coast of Portugal in August, using temperatures 
as an indicator. 
(3) Salinity at 5 00 meters. 
The isohaline patterns of Figure 17 show the e ffects of the 
high salinity Mediterranean W ate r as it spreads to the west and north. 
The horizonta l salinit y gradient west of the Gibraltar Strait is a maximum 
during the winter season suggesting this is the season of maximum out-
flow. Inside the Med iterranean Sea the 500-meter salinity is approxi-
mately 38.4 o/oo throughout the yea r, while outside the salinity varies 
between 35.6 and 36.5 o/oo at this level. 
(4) Salinity at 1000 meters. 
The extension of the deep tongue of Medite rranean Water into 
the Atlantic at a dept h of 1000 meters is shown in Figure 18. As at 500 
meters, the salinity gradi ent at 1000 meters also is strongest in the 
winter season. The flow of the Mediterranean Water is toward the west 
and then northwest a round th e southe rn coast of Portugal apparently 
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·. 
illustrated the spreading of the Mediterranean Water for the summers 
of 195 7 and 195 8 I Figure 19 I which are very similar to the averaged 
summer section shown in Figure 18c. This similarity lends creditability 
to using averaged data on a seasonal basis and increases confidence 
in other sections prepared in this manner . The maximum salinities 
are found in the winter season off the southwest coast of Portugal. A 
sigpificant decrease in the salinity maximum is noted for the spring 
and summer seasons . The salinity maximum in winter coupled with 
the strong salinity gradient provides further indication that winter is 
the season of maximum outflow. 
(5) Layer of maximum salinity. 
The seasonal maximum average salinity recorded for each 
one-degree Marsden square has been plotted and analyzed for the 
research area west of the Strait I as shown in Figure 20. The isohaline 
patterns indicate a high salinity core extending from the Strait with 
higher salinities and stronger gradient in the winter season. Scatter 
diagrams of seasonal max imum salinity versus depth of the maximum 
salinity were plotted but no correlation was found . The depth of the 
maximum salinity layer was plotted for each season but a consistent 
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IV. COMPUTED CURRENTS 
A. Dietrich's method. 
Dietrich (195 6) used the gradient current approach to calculate 
currents in a layer along the bottom slope of the Wyville Thompson 
Ridge. Dietrich's formula is used to compute the current in the bottom 
layer flowing along the bottom slope west of the Gibraltar sill. 




g = gravity 
h2 = thickness of lower layer over the sill area 
f1 = density of upper layer 
e 2 = density of lower layer 
X = roughness constant 
.;;,.,. = bottom slope 
The formula is applied at the west sill, Cape Spartel, where the 
maximum depth is 3 75 meters. The average density was obtained by 
averaging the density data in the respective layers, assuming a variable 
interface of 125 meters in winter and 17 5 meters in summer. In this 
calculation the average slope ( ;_::...) of the topography west of the sill 
is computed to be 0. 008. The roughness constant (X ) is taken as 0. 3 
as recommended by Hubert and Laevastu (1967). Seasonal densities, 
thickness of lower layer and computed current speed are shown in table 3. 
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Table 3. Seasonal layer densitie s , lower layer thickness 
and current s peed (Dietrich's formula for bottom 
current over Gibra ltar sill, X = 0. 3} 
Season 2 (g/cm 3) 1 (g/cm3) h 2 (m) U(cm/sec) 
Winter 1.02862 1. 02776 250 23.4 
Spring 1. 02845 1. 02 792 225 17.4 
Summer l. 02 864 1. 02843 200 10.8 
Fall 1.02808 1. 02746 225 18.8 
There is considerable disagreement as to the correct value of the 
roughnes s constant, w ith suggested values ranging from 0. 0025 to 0. 3 
(Dietrich, 195 6) . Dietrich calculated the bottom current over the 
Vlyville Thomp son Ridge using a roughness constant of 0 . 03. If this 
value is used with Table 3 data the computed curre nts of the bottom 
layer are as shown in Ta ble 4 . 
Table 4 . Seasonal current speed (data as in Table 3, 
except X = 0. 03) 







Using the bottom currents obtained by assuming a roughness 
constant of 0. 03, mass outflow is computed for each season and the 
total compared with earlier work as shown by Wi.ist (1959).. The cross-
sectional area of the west Gibraltar sill, Cape Spartel, is used along 
with the interface depth assumed at 125 meters in winter, 175 meters 
in summer and 150 meters in spring and fall. The results of these 







(19 ? ) 
51,890 
Table 5. Mass transport calculations 
{outflow, X = 0. 03) 
Area u Transport 
{10 5 m2) (m/ sec) (10 6 m3/ sec 
28.0 0. 74 2.07 
22.5 0.55 l. 24 
17.0 0.33 0.56 
22.5 0.57 l. 28 
Transport 





Table 6. Comparison of annual outflow (km 3 /year) 
Sverdrup wlist Carter Sears 
(194 6) (1952) (1956) (1968) 
52,981 52,980 28,976 40,200 
These results show that mass transport calculations for the outflowing 
layer are reasonable, compared to previous work, when the roughness 
constant is taken as 0. 03. Clea rly, this formula can give only a 
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relative indication of the bottom currents because of the uncertainty of 
the roughness constant. 
B. Geostrophic method. 
Geostroph ic calculations were made along a north-south line 1 
to the east and west of the Strait of Gibraltar. Current determinations 
were made for the summer and winter seasons 1 as described by Lafond 
{1951} 1 in an effort to obtain reasonable average values for currents 
through the Strait . Seasonal averaged values of temperature salinity 
and sigma-t were utilized from adjacent Marsden squares 1 along a 
north -south line I both to the east and to the west of the Strait. Results 
of calculations for the summer and winter are shown in Table 7 1 utilizing 
175 meters and 125 meters as the level of no motion in summer and 
winter 1 respectively. 
It is evident from these calculation that geostrophic current 
determination in the Strait area will give 1 at best 1 only an indication 
of the relative magnitude of flow. East of the sill in winter I the indicated 
flows above and below the interface are about equal in magnitude. West 
of the sill in winte r I westerly flow is indicated in the lower layer with 
virtually no flow indicate d in the upper layer. This is reas onable 
considering winter is the season of maximum precipitation and runoff 
along with minimum evaporation in the Mediterranean Sea; thus 1 less 
inflow of Atlantic Water is required to maintain the water balance of the 
Mediterranean Basin . East of the sill in the summer the indicated flow 
is difficult to relate to observed conditions. Comparing the winter and 
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Table 7. Geostrophic current calculations (em/sec) 
(- indicates flow towards the east) 
(a) East of sill (S ta's 35.5N ', 4.5W; 36.5N, 4~5W) 
Summer Winter 
depth relative relative relative relative 
(m) to 0 m to 175 m to 0 m to 125 m 
0 0.0 - 7.5 0.0 -9.0 
20 
I 
1.1 -6.4 1.5 -7.5 
50 3.8 -3 . 7 4.1 -5.9 
75 5.8 -1.7 6.4 -2.6 
100 6 . 4 -1.1 8.2 -0.8 
125 - - - 0.0 
150 7.0 -0.5 10.3 1.3 
175 I - 0 . 0 - -200 7.8 0.3 11.3 2.3 300 8.6 1.1 12.1 3. 1 
400 6.4 -1.1 12.9 3.9 
500 5.7 -1.8 13.2 4.2 
600 5.5 -2 .0 13.6 4.6 
700 5.6 - 1.9 13.9 4.9 
800 5.6 -1.9 14.3 5.3 
900 5.6 -1.9 15.0 6.0 
(b) West of sill (35.5N, 6.5W; 36.5N , 6.5W) 
Summer Winter 
depth re lative relative relative relative 
(m) to 0 m to 175 m to 0 m to 125 m 
0 0.0 -25.0 0.0 0.0 
20 1.8 -23.2 0.0 0.0 
50 6.5 -18.5 0.0 0.0 
75 11.5 -13 .5 0.0 0.0 
100 14.1 -1 0.9 0.0 0.0 
125 - - - 0.0 
150 22.8 -2 .2 ' - 1. 3 -1.3 
175 - 0.0 - -
200 31.8 6.8 -0.1 -0.1 
300 40.8 15.8 7.8 7 .8 
400 42.3 17.3 20.0 20.0 
500 46.3 21.3 26.5 26.5 
600 4 7. 5 22.5 25.8 25.8 
700 44.7 19. 7 22.0 22.0 
800 42.8 17.8 I 22.0 22.0 
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summer results west of the sill shows inflow is greatest in summer 1 
while outflow is greatest in winter. These calculations provide 
indications of flow but the limitations of the geostrophic method must 
be remembered. Lafond {1951) lists the following limitations to the 
accuracy of the geost rophic method: 
(l) currents are relative to unknown reference level; 
{2) accelerations have been neglected; 
{3) frictional forces have been neglected; 
{4) observations are considered synoptic; 
additional error may be induced by the assumed distance between 
stations (60 nautical miles). Since the channel is almost 100 miles 
wide in the area for which the calculations were made 1 it is likely that 
a large per cent of the station data were taken near mid -channel 
although the exact location of data were not plotted or evaluated. Saelen 
{1963) compared geostrophic with observed currents off the western 
coast of Norway. He concluded that computed geostrophic currents 
have only a slight resemblence to the actual measured current in that 
coastal region. 
C. Montgomery's method. 
Montgomery (1938) has deduced flow patterns by use of the 
sigma -t surface as a surface of constant potential density; this approach 
was considered as a possible means to describe the spreading of the 
Mediterranean Water into the Atlantic Ocean. This technique cannot be 
used over the Gibraltar sill for the following reasons: 
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(1) there is a virtual discontinuity of sigma-t surfaces across 
the sill; 
(2) surface dynamic factor s are effective in moving sigma -t 
surfaces up and down in a seasonal cycle. 
D. Measured currents . 
Lacombe et al. (19 64) anchored current meters in the Gibraltar 
Strait at various depths and recorded currents for the semidiurnal tidal 
period. One set of measurements was taken a short distance east of 
the Cape Spartel Ridge in, September 1960 1 where the water depth is 
.approximately 420 meters. Continuous recording current meters were 
placed at 10 1 100 1 200 and 300 meters and data were recorded for a 
12 -hour tidal cycle. In order to transform these data into a form suitable 
for calculation of mass transport 1 averages were computed for each data 
level. A current profile was then plotted and averaged by equal area 
approximation to give an averaged current for the inflowing and outflow-
ing layers. These values were used along with the cross-section area 
above and below 17 5 meters to compute the mass transport through the 
Strait (see Table 8). 
Table 8 . Mass t ransport calculations from measured current 
profile. (le vel of no motion = 175 meters) 
Area u Mass transport 
Summe r (10 5 m2) (m/sec) (10 6 m3/sec) 
Inflow 51.7 0.20 1. 03 
Outflow 22 . 6 0.32 0.72 
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The relative volume of the transport can be checked using salt 
balance considerations for the Mediterranean Sea. 
where: 
Ti =mass transport into Mediterranean Sea; 
Si = salinity of inflowing water; (36. 25 o/oo) 
T0 =mass transport out of Mediterranean Sea; 
S0 = salinity of outflowing water; (38. 20 o/oo) 
Using these values a nd considering an inflow of 1. 03 x 10 6 m3 /sec, 
it can be seen that 0.98 x 10 6 m3/sec outflow is required to maintain 
the salt balance of the Mediterranean Basin. 
It is not known that a salt balance exists in the Mediterranean, 
but if it is changing it is doing so at a very slow rate; therefore, it is 
assumed that restrictions placed on the relative volume exchange are 
valid. It is noted that a relatively small change in the layer of no 
motion results in significant changes in the mass transport. For 
instance, assume the average boundary layer depth between the two 
currents is 150 meters , vice 175 meters. The resulting mass transport 
calculations are shown in Table 9. 
Table 9. Mass transport calculations from measured current 
profile (level of no motion= 150 meters) 
Area u Mass transport 
Summer (10 5 m2) (m/sec) (10 6 m3/sec 
Inflow 46.5 0.20 0.93 





A. Synoptic versus seasonal sections. 
There are no truly synoptic sections available for the Strait of 
Gibraltar area. The sections by Schott (1928) and Lacombe (1960) 
utilized data collected over a two to three month span in different years. 
There are a number of factors involved in the dynamics of the Strait that 
make it difficult I if not impossible 1 to obtain a synoptic section of the 
area. One of the important variables is the tides I which are semi-
diurnal in nature . The tidal current is superimposed on the non tidal 
and wind drift currents of the Strait. The rise and fall of the sea surface 
with the tidal period causes a vertical oscillation of the interface 
between the Atlantic and Mediterranean water masses I and a correspond-
ing change in the volume of flow in each layer. · Internal waves are 
known to occur in the Strait with varying periods and amplitudes. Both 
tidal and internal wave phenomena cause large scale mixing acres s the 
interface. In addition I large eddies are known to exist near the 
eastern side of the sill due to the tidal variations and "upwelling" of 
the Mediterranean Deep Water. 
This study has utilized averaged data on a seasonal basis to 
describe the distribution of salinity and temperature. The tidal effects 
and internal waves are assumed t o be negligible by virtue of the 
averaging processes employed. This is probably a good assumption 
for the tide s ; however 1 it may not be realistic for the internal waves I 
since neither the generating mechanism of the internal waves nor the 
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frequency of occurrence is known. It is possible that the internal 
waves are related to atmospheric disturbances which are known to be 
more frequent and of greater intensity in certain seasons than in others. 
B. General temperature I salinity and sigma -t structure. 
The basic pattern of the averaged sections is in good agreement 
with those of Schott (1928) and Lacombe (1960). There is a vertical 
migration of the interface in the Strait area 1 resulting in an increased 
thickness of the inflowing layer in the summer season. Although this 
seasonal migration has not been established conclusively I there is 
evidence that it does occur (see Figure 1 0). An accurate description 
of the interface migra tion was not possible due to large variations of 
temperature and salinity present in the surface layers. These variations 
probably are not real but appear in the analyses due to data insufficient 
to establish realistic averages. 
The interface between the inflowing and outflowing layers is 
maintained throughout the year by vertical motions in the water masses 
east and west of the sill area. A large volume of the mixed water is 
carried back into its respective basin at a different level due to its 
new density acquired through the mixing process. This is essentially 
the system presented by de Buen (192 6) I except the subsurface outflow 
was not included as a part of the model. 
The primary atmospheric parameter affecting the area of study is 
the wind velocity. Along the coasts of Morocco and the Iberian 
Peninsula adjacent to the Strait 1 surface winds exert a seasonal 
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influence on the movement of the surface water. A salinity minimum 
exists along the Moroccan coast throughout the year; it is most pro-
nounced in summer, indicating that "upwelling" of less saline water is 
at a maximum in this season (see Figure 16). This argument is supported 
by the increased speed of the surface winds from the northeast during 
the spring and summer. Along the west coast of Portugal, evidence of 
"upwelling" is not well defined, although the wind regime infers the 
same general pattern is to be expected as along the Moroccan Coast. 
C. Seasonal water exchange. 
Comparison of seasonal sections provides several indications 
that winter is the season of maximum outflow of the high salinity 
Mediterranean Water. 
(1) The layer near 1000 meters, west of the Strait, has a 
slightly increased salinity maximum in winter (see Fig·ure 1 0). 
{2) The horizontal salinity gradient is strongest, west of the 
Strait, at all levels (surface, 5 00, and l 000 meters) in the winter {see 
Figures 16, 17 and 18). 
{3) The high salinity water near l 000 meters, west of Portugal, 
has its maximum salinity in winter and spring (see Figure 14). 
The results of computed currents for the Strait a.rea are questionable. 
The geostrophic method is of little value in this region, primarily 
because of the inherent assumptions of the method, which in general 
were not satisfied. 
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Dietrich's formula, with a roughness constant of 0. 03, provides 
the most reasonable values of current speed in the bottom layer; in 
fact, the computed summer outflow (33 em/sec, Table 4), agrees well 
with the measured summer profile (32 em/sec, Table 8), by Lacombe 
et al. (1964). In addition, the annual total mass transport (outflow), 
using currents computed by Dietrich's formula along with the cross-
sectional area, is in good agreement with earlier work as shown in 
Table 5 . These agreements provide a degree of confidence in Dietrich's 
formula for use in current computations for the other seasons of the year. 
The seasonal outflow, as computed from Dietrich's formula 
(Table 5), shows an increase by a factor of four, from summer to winter. 
This factor appears high and is probably due to the assumption of 125 
and 175 meters as the depth of the interface for winter and summer 
respectively . It is likely that the average depth of the interface is 





The prepared sections of salinity, temperature, sigma-t and 
atmospheric parameters provide indications of seasonal 'flow variation 
through the Strait of Gibraltar. The following c0nclusions resulted 
from these indications and the computed currents in the Strait: 
(1) The Mediterranean Water has a maximum outflow in winter 
and a minimum in the summer season. 
(2) The Atlantic water has a maximum inflow in the summer 
and a minimum in the winter season. 
{3) Compared to earlier work, the computed volume of water 
exchange across the sill of 40,200 km 3 is reasonable. However, the 
ratio of the summer to winter volume exchange, shown in Table 5, is 
doubtful. 
{4) The Mediterranean Water is deflected to the north as it 
leaves the Strait, along the southern Iberian Peninsula. 
(5) The salinity maximum area near 1000 meters, west of 
Portugal, is maintained throughout the year with only a slight increase 
in salinity in winter and spring. 
(6) The seasonal wind patterns produce "upwelling" along the 
coasts of Morocco and Portugal with a maximum in the summer; how-
ever, upwelling probably occurs intermittently throughout the year 
depending on the synoptic situation. 
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VII. RECOMMENDATIONS FOR FURTHER RESEARCH 
Measurement of currents and depth of the interface across the sill 
area is needed during periods of high winds to determine the character 
and magnitude of any changes in these two variables. The currents 
probably could be obtained by anchoring continuous recording meters 
along the ridge at various depths. A towed thermistor chain could be 
used to record the variation of the interface with changing atmospheric 
conditions. 
The generating mechanism of the internal waves across the sill 
area is not well under stood. Perhaps simultaneous temperature records 1 
obtained by thermistor chain east and west of the Strait I could be 
statistically evaluated to help determine the generating mechanism. 
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